Abstract: A combination of a deterministic approach and fragility analysis is applied to assess tsunami damage caused to buildings. The area selected to validate the model is Imwon Port in Korea. The deterministic approach includes numerical modeling of tsunami propagation in the East Sea following an earthquake on the western coast of Japan. The model is based on the linear shallow-water equations (LSWE) augmented with Boussinesq approximation to account for dispersion effects in wave propagation, and coastal wave run-up is modeled by non-linear shallow-water equations (NLSWE). The output from the deterministic model comprises inundation depth. The numerical output is used to perform fragility analysis for buildings vulnerable to flooding by tsunamis in the port area. Recently developed fragility curves-based on the ordinal regression method-are used for damage probability estimates. The extent of structural damage in the areas under a tsunami hazard is identified by the numerical modeling of tsunami features. Our numerical model offers high bathymetric resolution, which enables us to capture flow features at the individual structure level and results in improved estimation of damage probability. This approach can serve as a measure of assessing structure vulnerability for areas with little or no records of tsunami damage and provide planners with a better understanding of structure behavior when a tsunami strikes.
Introduction
Climate change and its increasing unpredictability, along with an increase in the population, have resulted in increased vulnerability of communities to disasters. Frequent occurrences of floods caused by storms, torrential rains, and tsunamis have affected large swaths of the population all over the world in the past few decades. In the past two decades, 58 tsunamis with a maximum run-up height greater than 3 m were recorded around the world [1] . Areas hit by recent mega tsunamis experienced adverse effects in social structure and economic growth. The 2004 Indian Ocean Tsunami caused devastation in 11 countries, and the monetary damage was approximated around 10 billion US dollars with extensive infrastructure damage [2] . The 2010 Chilean tsunami and earthquake resulted in a few hundred causalities; 81,000 structures were destroyed and around 109,000 were severely damaged [3] . The 2011 Great East Japan tsunami caused property damage of around 300 billion US dollars, with more than 400,000 buildings reported to be damaged or destroyed [4] . Robust disaster mitigation techniques are necessary for avoiding property damage and human losses.
In this paper, we study tsunami hazard assessment for buildings. Fragility curves are a preferred method to produce vulnerability information regarding structures affected by a number of features [5] . The concept of tsunami fragility was introduced in [6] to assess tsunami damage using remote sensing, numerical model results, field surveys and historical records to develop estimates of structure fragility and fatalities. Following the 2004 and 2011 tsunamis, the concept of fragility curves for structures to complete structure collapse. More details about common damage classification practices and their corresponding degree of structure damage can be found in Table 3 of [1] .
The development of fragility curves depends on the existence of building damage data from post-tsunami field surveys and remote surveying. Most of the existing studies focus on assessing the vulnerability of structures in areas for which data on damage from tsunamis is available (Indonesia, Sri Lanka, Japan, Chile, Thailand, US Samoa, etc.). There is a need to extend this method to areas that are at risk of potential structural damage by tsunamis. To our knowledge, only a few studies to date have addressed this issue. Valencia et al. [7] developed damage functions for the European-Mediterranean coasts, for which no post-tsunami observations exist, by analyzing the structures damaged in Banda Aceh (Indonesia) after the 2004 Indian Ocean tsunami. Wiebe and Cox [12] estimated building damage and economic loss for Seaside, Oregon caused by a hypothetical tsunami using the inundation based fragility curves of [4] . Park et al. [13] used fragility curves based on flow depth, velocity, and momentum flux for establishing probabilistic damage levels and assessing the sensitivity of damage in response to tsunami features in Seaside, Oregon. We present the building damage assessment for Imwon Port to expand and refine the existing research for areas with no post-tsunami damage records. Compared to the three studies mentioned above, we used robust and advanced numerical and statistical methods to gain a better understanding of building damage response to inundation.
Methods

Tsunami History in Korea
The occurrence of submarine earthquakes is frequent around the Korean Peninsula; however, the magnitude of earthquakes needed to generate tsunamis is usually very small. The frequency of earthquakes around the Korean Peninsula for the last 15 years is shown in Table 1 . Frequency 16  21  21  24  24  28  16  25  30  18  38  30  72  27 24 Recent tsunamis that caused damage on the Eastern coast of South Korea are the 1964 Niigata tsunami, 1983 Central East Sea tsunami, and 1993 Hokkaido tsunami. These three historic tsunamis originated on the West Coast of Japan, and their positions are shown in Figure 1 .
3 of 17 damage into five states (light, minor, moderate, severe, and complete) considering non-structural damage through to complete structure collapse. More details about common damage classification practices and their corresponding degree of structure damage can be found in Table 3 of [1] . The development of fragility curves depends on the existence of building damage data from post-tsunami field surveys and remote surveying. Most of the existing studies focus on assessing the vulnerability of structures in areas for which data on damage from tsunamis is available (Indonesia, Sri Lanka, Japan, Chile, Thailand, US Samoa, etc.). There is a need to extend this method to areas that are at risk of potential structural damage by tsunamis. To our knowledge, only a few studies to date have addressed this issue. Valencia et al. [7] developed damage functions for the European-Mediterranean coasts, for which no post-tsunami observations exist, by analyzing the structures damaged in Banda Aceh (Indonesia) after the 2004 Indian Ocean tsunami. Wiebe and Cox [12] estimated building damage and economic loss for Seaside, Oregon caused by a hypothetical tsunami using the inundation based fragility curves of [4] . Park et al. [13] used fragility curves based on flow depth, velocity, and momentum flux for establishing probabilistic damage levels and assessing the sensitivity of damage in response to tsunami features in Seaside, Oregon. We present the building damage assessment for Imwon Port to expand and refine the existing research for areas with no post-tsunami damage records. Compared to the three studies mentioned above, we used robust and advanced numerical and statistical methods to gain a better understanding of building damage response to inundation.
Methods
Tsunami History in Korea
The occurrence of submarine earthquakes is frequent around the Korean Peninsula; however, the magnitude of earthquakes needed to generate tsunamis is usually very small. The frequency of earthquakes around the Korean Peninsula for the last 15 years is shown in Table 1 . Frequency  16  21  21  24  24  28  16  25  30  18  38  30  72  27 24 Recent tsunamis that caused damage on the Eastern coast of South Korea are the 1964 Niigata tsunami, 1983 Central East Sea tsunami, and 1993 Hokkaido tsunami. These three historic tsunamis originated on the West Coast of Japan, and their positions are shown in Figure 1 . The Korean Peninsula is at risk of 11 possible tsunamis due to highly probable earthquakes generated on the west coast of Japan; their locations were provided by the Korean Peninsula Energy Development Organization (KEDO) [26] . These 11 hypothetical tsunamis primarily differ in fault parameters and origin. Table 2 lists the location, magnitude, and other parameters of the hypothetical and historical earthquakes, and the locations of faults are shown in Figure 2 . In Table 2 , H is the water depth, θ is the strike angle of the fault, δ is the dip angle, λ is the slip angle, L is the fault length, W is the fault width, and D is the fault dislocation. The length, width, and dislocation of faults are derived from equations proposed by the Korea Meteorological Administration (KMA).
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where M is the earthquake magnitude, chosen as 8.0 for 11 hypothetical cases. The depth of the fault plane and dip and slip angle were obtained from [27] . We model these 11 hypothetical tsunamis along with 3 historic tsunamis (1964, 1983, and 1993) to determine the maximum flooding in the Imwon Port area (shown in Figure 3 ) for each case. 
Study Area
Imwon Port is located in the center of the eastern coast of South Korea. Yamato Rise, located in the East Sea (shown in Figure 3 ), refracts the tsunami waves propagating from the west coast of Japan at Imwon Port, causing the wave energy to be concentrated and consequently produce waves with higher run-up heights. Due to this effect, the run-up height observed at Imwon Port during the 1983 tsunami was approximately 4.0 m [28] , causing severe damage. Imwon Port has been a subject of interest in many research studies [19, 28, 29] . We choose Imwon Port as our study area to perform damage assessment for buildings because of its unique location and vulnerability to tsunamis. A field survey was performed to gather building information about typography (building material, usage), which is shown in Figure 4 . 
Numerical Model
Our model is a combination of long-distance tsunami propagation and run-up processes along shorelines. Linear Boussinesq equations are recommended for modeling tsunami propagation; however, these equations present a complication in numerical discretization [21] . Therefore, we use a system of linear shallow-water equations with modifications introduced to represent the frequency dispersion and Coriolis force observed in transoceanic tsunami propagation. The linear shallow-water equations are discretized by a leap-frog scheme based on the finite difference method, as proposed by Ha and Cho in [24] .
where ζ pt, x, yq is free surface displacement, h is still-water depth, P and Q are depth-averaged volume fluxes in x and y directions equal to pHuq and pHvq, respectively, and g is gravitational acceleration. β and γ are dispersion correction factors given as
The coefficients a and b are approximated as:
Equations (2)- (4) are not valid in regions where the amplitude of the tsunami is larger than its wavelength; near coastal regions, friction has significant effects on flow, dispersion has minimal effects, and the flow behaves like shallow-water flow. The non-linear shallow-water equations are used to model this flow motion: Bζ Bt`B 
where H " ζ`h is the total depth of the water column, and u, v are depth-averaged velocities in x and y directions, respectively. The friction terms τ x and τ y are estimated by Manning's formula
where Manning's roughness coefficient n is equal to 0.025. The linear terms of Equations (7)- (9) are also discretized by a leap-frog scheme; for non-linear terms in Equations (8) and (9), we used the upwind method proposed in [30] . The computational domain is discretized into a staggered mesh system, which is divided into six regions (A-F) with successive refined grids. The use of six nested regions improves the resolution of the
study area. To make computations economical for the vast domain, the mesh system is also temporally staggered. The computational domain is shown in Figure 5 , and the mesh details are given in Table 3 . The topographic and bathymetric data used in numerical modeling were purchased from the "National Geographic Information Institute (NGII)" and "Korea Hydrographic and Oceanographic Agency (KHOA)", respectively. The proposed numerical scheme also considers the effects of existing seawalls and breakwaters on the tsunami features for accurate predictions. Moving boundary conditions are used to advance the solution for which details can be found in [31] . (7)- (9) are also discretized by a leap-frog scheme; for non-linear terms in Equations (8) and (9), we used the upwind method proposed in [30] . The computational domain is discretized into a staggered mesh system, which is divided into six regions (A-F) with successive refined grids. The use of six nested regions improves the resolution of the study area. To make computations economical for the vast domain, the mesh system is also temporally staggered. The computational domain is shown in Figure 5 , and the mesh details are given in Table 3 . The topographic and bathymetric data used in numerical modeling were purchased from the "National Geographic Information Institute (NGII)" and "Korea Hydrographic and Oceanographic Agency (KHOA)", respectively. The proposed numerical scheme also considers the effects of existing seawalls and breakwaters on the tsunami features for accurate predictions. Moving boundary conditions are used to advance the solution for which details can be found in [31] .
(a) (b) Historical records show that the damage caused at Imwon Port is predominantly due to flooding. Because of its distance from the source of the tsunami generation, much of the energy of tsunami wave is dispersed. Therefore, we only consider the maximum flood depth as a demand parameter, obtained by simulating the tsunami propagation for 11 hypothetical cases and three historical cases. The simulation results provide a complete time history of flow depths over the inundated area. After the occurrence of a submarine earthquake, the first tsunami wave strikes Imwon Port after 120 min, for roughly all the hypothetical cases studied in this paper. Depending upon the fault parameters, the maximum inundation depth and area varies. We performed simulations for a total of 150 min, and the results for each case are shown in Figure 6 . Historical records show that the damage caused at Imwon Port is predominantly due to flooding. Because of its distance from the source of the tsunami generation, much of the energy of tsunami wave is dispersed. Therefore, we only consider the maximum flood depth as a demand parameter, obtained by simulating the tsunami propagation for 11 hypothetical cases and three historical cases. The simulation results provide a complete time history of flow depths over the inundated area. After the occurrence of a submarine earthquake, the first tsunami wave strikes Imwon Port after 120 min, for roughly all the hypothetical cases studied in this paper. Depending upon the fault parameters, the maximum inundation depth and area varies. We performed simulations for a total of 150 min, and the results for each case are shown in Figure 6 . Since we are interested in estimating the damage probability for structures, the maximum depth observed at each grid point, among all the historical and hypothetical tsunami cases is extracted in Figure 7 . This procedure provides the maximum inundation at each grid point. The topographic contours are negative in our numerical model, as shown in Figures 6 and 7 . Since we are interested in estimating the damage probability for structures, the maximum depth observed at each grid point, among all the historical and hypothetical tsunami cases is extracted in Figure 7 . This procedure provides the maximum inundation at each grid point. The topographic contours are negative in our numerical model, as shown in Figures 6 and 7 . Since we are interested in estimating the damage probability for structures, the maximum depth observed at each grid point, among all the historical and hypothetical tsunami cases is extracted in Figure 7 . This procedure provides the maximum inundation at each grid point. The topographic contours are negative in our numerical model, as shown in Figures 6 and 7 . 
Results and Discussion
The building damage data for Imwon Port are scarce; the area was severely affected by the 1983 tsunami and 44 buildings were destroyed, damaged, or flooded [32] . Since data on the number and typography of the damaged structures at Imwon Port during the 1983 and 1993 tsunamis are not available, our structure damage estimates are based on fragility curves developed in a previous study [9] .
The damage probabilities of structures vulnerable to tsunamis are expressed as fragility functions. A number of hydrodynamic features can be considered demand parameters in fragility functions. Most of the existing works [4, 7, 15, 25, 33] derive fragility curves based on inundation depths as the only demand parameter. However, [9, 17] recommended that other tsunami features like velocity, force, scouring, and debris impact to be included in the model. The analysis of historical tsunami flow records for Imwon Port shows that flow velocity does not pose a serious risk to structures in the study area, and damage was mostly caused by flooding. This is because the east coast of Korea is very far from the historical and hypothetical tsunami origins on the west coast of Japan. When the waves reach the east coast, much of the energy is dissipated, resulting in lower wave velocity and consequently, lower hydrodynamic forces, which are not capable of causing serious damage to structures located in that region. Therefore, we only consider structure damage probabilities based on inundation depths.
The choice of a particular set of fragility curves for damage estimates is based on the similarity of construction practices, tsunami hydrodynamic features, damage classification, and building typography. There are a number of empirically developed fragility curves available in the literature. [33, 34] developed fragility curves for areas affected by the 2004 Indian Ocean tsunami in Sri Lanka, and [35] estimated fragility curves for Banda Aceh and South Java in Indonesia. Most of the existing work on fragility curves was performed in Japan after the 2011 tsunami [4, 9, 18, 25] . Based on a comparison of construction practices and building typologies, we choose the fragility curves presented in [9] to estimate structure damage in Imwon Port. These curves are based on fragility functions developed for Kesennuma (Japan), which was extensively damaged by the 2011 tsunami. The use of ordinal regression analysis in [9] addresses the issues of damage uncertainty associated with linear regression and the shortcoming of logistic regression in that it does not utilize all the damage information [18] . 
The choice of a particular set of fragility curves for damage estimates is based on the similarity of construction practices, tsunami hydrodynamic features, damage classification, and building typography. There are a number of empirically developed fragility curves available in the literature. [33, 34] developed fragility curves for areas affected by the 2004 Indian Ocean tsunami in Sri Lanka, and [35] estimated fragility curves for Banda Aceh and South Java in Indonesia. Most of the existing work on fragility curves was performed in Japan after the 2011 tsunami [4, 9, 18, 25] . Based on a comparison of construction practices and building typologies, we choose the fragility curves presented in [9] to estimate structure damage in Imwon Port. These curves are based on fragility functions developed for Kesennuma (Japan), which was extensively damaged by the 2011 tsunami. The use of ordinal regression analysis in [9] addresses the issues of damage uncertainty associated with linear regression and the shortcoming of logistic regression in that it does not utilize all the damage information [18] .
The fragility curves in [9] , shown in Figure 9 , are based on damage information of 19,815 buildings. The construction material of the surveyed buildings was reinforced concrete (RC), steel, wood, and masonry. In our study, we performed damage estimates for the three construction materials, RC, masonry, and wood, since the maximum inundated area shown in Figure 8 does not include any steel structure at risk of being damaged. The damage states we used are adopted from [9] . Based on the study of inundation depths provided by our numerical model, we modified the damage scale provided by Japan's Ministry of Land, Infrastructure, Transport, and Tourism (MLIT) into four states, from minor to complete damage, as shown in Table 4 . The fragility curves in [9] , shown in Figure 9 , are based on damage information of 19,815 buildings. The construction material of the surveyed buildings was reinforced concrete (RC), steel, wood, and masonry. In our study, we performed damage estimates for the three construction materials, RC, masonry, and wood, since the maximum inundated area shown in Figure 8 does not include any steel structure at risk of being damaged. The damage states we used are adopted from [9] . Based on the study of inundation depths provided by our numerical model, we modified the damage scale provided by Japan's Ministry of Land, Infrastructure, Transport, and Tourism (MLIT) into four states, from minor to complete damage, as shown in Table 4 . Based on the maximum inundation depths presented in Figures 7 and 8 the flooding depths assigned to each building in the inundated area are shown in Figure 10 ; the purpose is to estimate the damage probability for each structure using fragility analysis of the curves presented for each structure type in Figure 9 . The number of buildings at risk for flood in the study area are 185, 113 of which are masonry, 41 are RC, and 31 are wooden or made of prefabricated material. Based on the maximum inundation depths presented in Figures 7 and 8 , the flooding depths assigned to each building in the inundated area are shown in Figure 10 ; the purpose is to estimate the damage probability for each structure using fragility analysis of the curves presented for each structure type in Figure 9 . The number of buildings at risk for flood in the study area are 185, 113 of which are masonry, 41 are RC, and 31 are wooden or made of prefabricated material. After analyzing inundation depths for each structure with fragility curves, we calculate the probabilities of minor, moderate, major, and complete damage for all inundated buildings. As an example, we show in Figure 11 the probability of structures suffering major damage from a tsunami. The probability of major damage for most of the buildings is less than 25%. As expected, the RC buildings show the least probability of major damage. For inundation depths between 0.01 and 2 m, the majority of the structures have a major damage probability <25%. The largest variation in damage probability occurs for depths between 2 to 3.5 m. Structures close to the shoreline have the highest probability of damage, with wooden structures expected to be completely destroyed. We observe that the damage probabilities are low over the entire area except for minor and moderate After analyzing inundation depths for each structure with fragility curves, we calculate the probabilities of minor, moderate, major, and complete damage for all inundated buildings. As an example, we show in Figure 11 the probability of structures suffering major damage from a tsunami. The probability of major damage for most of the buildings is less than 25%. As expected, the RC buildings show the least probability of major damage. For inundation depths between 0.01 and 2 m, the majority of the structures have a major damage probability <25%. The largest variation in damage probability occurs for depths between 2 to 3.5 m. Structures close to the shoreline have the highest probability of damage, with wooden structures expected to be completely destroyed. We observe that the damage probabilities are low over the entire area except for minor and moderate damage. damage. Table 5 summarizes the total number of buildings in each damage class for each type of material; the calculations are based on maximum inundation depth and area. Figure 11 . Percentage probability for structures undergoing major damage due to tsunami. <25%  >25%  >50%  >75%  <25%  >25%  >50%  >75%  <25% >25% >50% >75%  Minor  4  1  3  23  8  2  1  30  18  9  14  71  Moderate  5  4  5  17  11  0  19  5  28  11  28  37  Major  12  9  3  5  29  3  2  0  69  8  14  0  Complete  13  5  3  5  34  0  0  0  58  13  0  0 The number of buildings and their probability of suffering minor damage vary for different typologies. Table 5 shows that a total of 31 wooden, 41 RC, and 112 masonry buildings suffer minor damage. The maximum flow depth observed was around 4.0 m. A building damage threshold of 2 m for all building materials specified in [25] is validated in our study; regardless of the building material, all buildings with an inundation depth ≥2 m may suffer significant moderate or major damage, while wooden structures may suffer complete damage. Table 5 shows that RC buildings are most resilient to all damage classes, followed by masonry and wooden structures. Since most of the wooden structures are not in the high flood zone, there are only 5 buildings with major and complete damage probabilities greater than 75%. It is observed that regardless of the construction material, almost all structures are expected to experience minor damage, with probability of damage being the lowest for RC buildings.
Conclusions
The fragility analysis of buildings shows the damage probability for hazards, which can be used to identify areas (buildings) most vulnerable to flood damage and consequently, can be vital for improving existing infrastructure and planning future development for safeguarding purposes. To Figure 11 . Percentage probability for structures undergoing major damage due to tsunami. Table 5 . Number of buildings at each damage level according to the structure material type.
Str. Type
Wood RC Masonry
Damage Probability
Damage Level <25% >25% >50% >75% <25% >25% >50% >75% <25% >25% >50% >75% Minor  4  1  3  23  8  2  1  30  18  9  14  71  Moderate  5  4  5  17  11  0  19  5  28  11  28  37  Major  12  9  3  5  29  3  2  0  69  8  14  0  Complete  13  5  3  5  34  0  0  0  58  13  0  0 The number of buildings and their probability of suffering minor damage vary for different typologies. Table 5 shows that a total of 31 wooden, 41 RC, and 112 masonry buildings suffer minor damage. The maximum flow depth observed was around 4.0 m. A building damage threshold of 2 m for all building materials specified in [25] is validated in our study; regardless of the building material, all buildings with an inundation depth ě2 m may suffer significant moderate or major damage, while wooden structures may suffer complete damage. Table 5 shows that RC buildings are most resilient to all damage classes, followed by masonry and wooden structures. Since most of the wooden structures are not in the high flood zone, there are only 5 buildings with major and complete damage probabilities greater than 75%. It is observed that regardless of the construction material, almost all structures are expected to experience minor damage, with probability of damage being the lowest for RC buildings.
Conclusions
The fragility analysis of buildings shows the damage probability for hazards, which can be used to identify areas (buildings) most vulnerable to flood damage and consequently, can be vital for improving existing infrastructure and planning future development for safeguarding purposes. To prevent or minimize large-scale destruction it is important to perform damage assessment of vulnerable structures. By analyzing inundation depths, flow velocity and discharge from numerical modeling of tsunamis, fragility curves can be obtained for the areas susceptible to flooding. This approach can serve as an indirect measure of structural vulnerability; however, for areas with little or no record of damage caused by tsunami, accurate fragility curves cannot be developed. The concept of using existing fragility curves to determine structural damage probability is new, with major contributions from [7, 12, 13] . We extend this idea to Imwon Port in Korea by proposing improved numerical models with improved bathymetric resolution to capture flow features at the individual structure level; we also use fragility curves based on an advanced statistical approach and vast building damage data from the 2011 Great East Tsunami in Japan.
We produce probability damage maps for four damage levels and three structure types. Clear patterns of damage trends and behaviors of each structure type in response to tsunami flow features cannot be observed unless there is a large number of structures in the inundated area. We found little variation in damage probabilities at low inundation depths with all structures, regardless of the construction material. The damage probability for wooden structures is the most sensitive to variation in flood depth, followed by masonry structures, while RC buildings are the most resilient to damage, particularly to major and complete damage. The proposed technique may provide decision makers with a better understanding of risk assessment for mitigating the effects of potential disasters in areas with little or no record of structural damage from previous tsunamis.
